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APPLICATIONS OF IONIC BEAMS TO STUDY
OF GASEOUS CORROSION OF METALS

Principal Investigator . Walter J. Moore

INTRODUCTION

The final report of our work on this contract is given in the form

of a collection of preprints of papers based on various sections of the

work.

This research program was conducted under unusually difficult con-

dtitions. The kind of exploratory research that we wanted :o do was not

at all suited for students working toward their first research degrees.

Thus we decided to rely mainly on postdoctoral research associates and

research technicians. As it turned out, for ",,riouI'good reasons, only

one of the three research associates could stay with us more than one

year, and the appointmert of the last one had to be terminated when our

funds were exhausted. We thus lost considerable time as continuity of

the work was interrupted. Another difficulty was the lack of funds

to buy commercially made equipment, such as high vacuum valves and pumps.

We thus used a fair part of our time in construction of equipm1ent. My

final conclusion is that this kind of exploratory research is more expen-

sive than the usual university research, To obtain good results quickly,

one should be able to buy the necessary equipment and thus begin the

active experiments sooner. One also needs at least some permanent staff

in addition to the principal investigator.

Nevertheless, with all the difficulties we accomplished more or less

what we stated we would do in the contract application. In most cases,



J4

TABLE OF CONTENTS

1. EFFECTS OF ATOMIC OXYGEN ON SEMICONDUCTOR OXIDES
Nguyen Trlnh Dzoanh and Walter J. Moore

2. A SELF SUSTAINING DIPOLE DISCHARGE IN OXYGEN
Nguyen Trlnh Dzoanh

3. CORROSION OF METAL FILMS IN AN OXYGEN PLASMA AT
HIGH PRESSURE

Jens Traetteberg, Nguyen Trinh Dzoanh, and Walter J. Moore

i. OXIDATION OF ALUMINUM FILMS AFTER IONIC BOMBARDMENT
WITH HELILL4 OR XENON

Walter J. Moore, Sigemaro Nagakura, and Sylvester Brown



however, the work was not really brought to a definite finishing point --

interesting experiments were made, preliminary results were oLtained, but

definitive results and conclusions were not achieved. To this extent,

the progra'i has raised more interesting problems than it has solved.

Perhaps other workers interested in gaseous corrosion will find in this

work an-indication of useful new directions to explore.

We should like to acknowledge the good work of our research techni-

cians Sylvester Brown and Howard Brown, as well as valuable contributions

by Earl Sexton, master glassblower, and Jack Baird, machinist.

The following research associates worked on the program. Present

addresses are given.

Dr. Derek Klemperer, University of Bristol

Di. Sigemaro Nagakura, Tokyo Institute of Technology

Dr. Nguyen Trinh Dzoaah, Illinois Institute of Technology

Dr. Jens Traetteberg, University of Trondheim



|F'[ECTS OF ATOM LC OXYGEN ON SEMICONDUCTOR OXIDES

NGUYEN TRINH DZOANII and WALTER 1. MOORE

Chemical laboratory, Indiana U.niversity, Bloomingt.on

The betiavior of innrganic solids in an atmosphere containing a cuntrolled

concentration cf atoms and other labile spoecies has never been studied sys-

tematically, as far as semiconductor properties are concerned. Some works

however, are devoted exclusively to the study of surface catalytic properties

of these crystals for atom recombination. 1 - 4

The presence of oxygen atoms would increase the chemical potential of

the oxygen in contact with a semiconductor oxide and promote the mechanism of

caLionic vacancy diffusion in the solid oxide. Among the oxides which might

behave in this mann.r when in contact with an oxygen-atom atmosphere, we

shall direct our attention first to the case of nickel onide and generalize

Lo the others later.

CONDUCTIVITY OF NICKEL OXIDE

According to Verwey, et al-.5 the conductivity of NIO results from the

excess positive charges due to NOi' ions on normally N12 + lattice sites.

When given a sufficient amount of energy, these positive holes may be trans-

ferred from the Ni3" ions to the Ni:+ ions. The charge spends a finite length

of time at each.site, as in a diffusion process, and under an electrical

potential gradient, the charges may be transferred. In such a model the

conductivity should be proporLional to the concentration of the Ni"•÷ ions. This

concentration in the bulk may be Increascd or decreased by the incorporation

01 foreign ions of lower or higher valency than two, as is clearly shown by

the work of Haufre, et .,ri and recently by V:anHoluten.'7 An -:tcrease In the
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Ni• concentistion without doping is bazed on the characteristic 4earbwe of

the 1IO from exact stoichlometry in th. d'.e;t v n of excess oxygen.

Deviation from Stoichiometry

Engell and Hauffes concluded from their kinetic analysis' that when 1iO

is exposed to an oxygen atmosphere, two processee, occur: chemisorption and

structural incorporation. The adsorption of oxygen involves the formation

of stable oxide ions and cation vacancies. At high enough temperatures,

adsorbed oxygen is incorporated into the surface layer of the NiO structure

by outward diffusion of Ni*+ ions. Mhis diffusion generates further sites

for oxygen uptakes and provides a mechanism for a continuing slow adsorption.

Haowver, recent evldenýe'° suggests that the exces. oxygen is located only

near the surface, even at high temperatures. Excess oxygen in NiO is then

accommodatec by the reaction,

(1) -02  0- " + V + 2p

where V(Ni2+) indicates vacant sites and p, positive holes.

The vacancies provide a mechanism for diffusion of metal ions' 1 in the

crystal and the associated positive holes are expected to be localized on

Nis+ ions, resulting in an increase in conductivity. When thermodynamic

equilibrium is established with the surrounding atmosphere, the concentration

of Nis+ ions will change according to the reversible equation,

(2) i + 2Nie+ * 02 + 2NiN+ + V )

Using the ideal mass action iaw, the equilibrium constant is obtained:

(3) K

( o 2



The activities of Ni24 and 02- are taken as unity because deviation from

stoichiometric NiO is slight. If other disorder equilibria are negligible,

since there are two Ni3+ ions for each vacancy, charge neutrality requires

(4*) [N-1+] a 2 V (Ni2+)

Equation (3) will be

K [ Nis+ ] 2(oi

-(2)1/3(p G- )'/' exp (-AG;/31T)

t&Gf = ; - ToSf indicates the free energy of defect formation for the reaction
£ f f

of equation (2). If the conductivity is, as shown above, proportional to

i3+ 11 then

where _ and v• indicate charge and mobility of the positive holes. On substi-

tuting jYNi3+] in (6), we have

(7) o = qp(2)1/3(Po)1!, exp (-/G:/3RT)

where A = q~t(2)1/3. We see from (4), (5), and (7) that the departure from

stoichiometry by formation of positive holes depends on the ambient oxygen

pressure at a given temperature.

Clearly the concentration of cation vacancies and the associated positive

holes can be varied over a certain range by variation of the temperature and

the oxygen pressure. Many such studies have been made of nonstoichiometric
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oxides, but the extent of the range has, been found to be often -severely li rit dl,.ý

except perhaps at extremely high pressures. We thought that a convenient and

interesting way to raise the chemical potential of the oxygen in contact with

she oxide crystal wotid be to expose the crystal to an ambient atmosphere con-

taintiga concentration of oxygen atoms.

When in contact with the semiconductor oxide, some oxygen atoms will be

lost by surface recombination due to the catalytic properties of the NiO

crystal.3 If the oxy-gen atom loss is not too high, a steady state should

be reached, with an increase of the number of positive holes and therefore

the conductivity of the crystal. We can then follow the process by exposing

to the gas stream a thin slice of NiO mounted with electrodes for conductivity

measurements.

EXPERIMENTAL DETAILS

The experin ntal arrangement is shown in Fig. 1. The oxygen atoms were

produced by a rf discharge in a fast flow system. The pumping system was

a conventional one, consisting of a high speed single stage mercury diffusion

pump backed by a rotary pump. The discharge was maintained with a high

frequency communication transmitter tube type 829-B, operating at a frequency

of 60 Mc/s. Its power rating was 70 watts, but in practice the maximum power

used was slightly lower. The discharge always had a tendency to spread into

the measuring zone. In order to avoid this inconvenience, Jennings and

Llnnettl 2 suggested an earthed metal screen placed between the discharge tube

and the coil, but in our system the result was not satisfactory. Finally we

applied a strong magnetic field at about 2 cm down stream from one end of the

coil. ari6 a 3mall earthed metal ring around the discharge tube was used to mini-

mize týe influence of the high frequency electri c field in this area. The result
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of oxygen atll::, a \ HI 5`3•.5 kca1/mlLKL the heat of rec .iehination per

Re;iotance ieaourement-- were madc on a single crystal of N10 supplied

bhi t~he TochiC" Chemical Inductry Cotipany, Osaka, Japan. Spectrographic

anJlyoy½ -3howed that the crystel contained 0.6t cobalt and 0.14 magnesium,

with traces of other elements. The crystal was cleaned and then polished

flat on a prec*,s!on grinder using silicon carbide paper of grades i/0 to

4/o. The speeimen of approximately 1.5 x 4 Ym2 and 0.1 mm thick was cleaned

with dilute nitric acid and distilled water before use.

EXPERIMENTAL RESULTS AND DISCUSSION

A. Production ofatomic oxygen. The first series of experiments was

designed to establish tVc pressure dependence of the dissociation of 02 and

therefore, the flow rate of atomic oxygen, in order to determine the optimum

working conditton for further studies on the effect of oxygen atoms on nickel

oxide. It is, of ccurse, interesting to work at relatively high pressure.

but unfortunately the. ability of the rf electric field to maintain a dis-

charge rather limits the experiment to low pressures. At higher prezsure

the electrons seem to be unable to gain sufficient energy between collisions,

Microwave radiation would be more suitable to maintain a disc erge at this

apper range of pressure. In our experiments, the rf di scharge became

unstable and extinguished at a pressure above 0.5 torr. With oxygen at about

0.1 torr, the discharge was white, tinged with green. As the pressure increased

it became red-mauve in color. The productior of atomic oxygen versus the

gas pressure at room temperature in shown In Figure 2. and the atomic oxygen

-,,'assure in Table I. The hIghest concentration of oxygen atoms :;-: produced

at a pressure of approximately 350 microns, but in order to avoid some incon-

venlence due to the inctability of the disacharge, It was dt cided to work at a

slightly lower presunare.



TABLE I. (Temperature 298*K)
C•yen Atom Concenrratine in Flow S, stew

Total O-Flav rate 02 -Flov rate F0  Pressure
pressure (tool se- (mol sa`c x 107) -F x 102 o-atom x 102
(torr) x 1o0) F2 (torr)

o.4 7.'o 64 11.2 4.48

0.3 7.85 58.5 13.4 4.02

0.2 5.38 44.5 12.1 2.42

0.15 3.20 30 10.66 1.60

0,1 1.42 17.5 8.10 0.81

0.05 0.66 9.9 6.66 0.36

B. Prtfence of ozone and other species. Some ozone ao well as some

small amount of other metastable species il- expected to be produced by the

rf discharge by the reaction: 0 + 02 -- 03, but at the iow pressare, and

high temperatures used in these experiments, the ozone must decompose so

rapidly that its coacentration in the gas stream. if any, should be extremely

low and therefore negligible. This hypothesis 4s supported by a mass spectro-

metric study of oxygen at 0.5 mm. Hg pressure subjected to an ac glow dis-

charge.' 5 Charged particles should not occur in the measuring section.

Some tests were done to detect any which might have been attracted from the

discharge zone, either by diffusion or under the influence of the dc

potential applied to the target for conductivity measurements. It was

shown that no charged particles existed in the measuring section.

C. Effect of oxygen atoms. At tLV chosen temperature and pressure, the

NiO specimen was subjected to the gas stream containing atoms produced by a

rf discharge during two hours. The behavior of itL curnductivity was followed

by the change of its resistance during the rf discharge and also two hours

after the rf discharge. The slight change of temperature during this

operation was recorded in the same time. It is shown in Figure 3

• -1 <, . , . . ' .
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The resistance of the NiO specimen decreased lineArly with the tiae. The

coefficient of proportionality given by the- curve (3) is 75/100. We have then

S"75 ohms sec"1

The dimension of the specimen was about 1.5 x 4 x 0.1 rmo. Thus the specific

resistivity of the nickel oxide decreased regularly at about 4.5 ohm cm

ever second.

D. Influence of high temperature. The change of the nickel oxide

conductivity when submitted to the oxygen atom atmosphere during a ten minute

period was measured at constant pressure and at various temperatures. The

results are recorded in Figure 4. The effect of oxygen on t h conductivity

of the nickel oxide was evident up to the temperature of about 7500C.

Above that the results obtained were irregular and the effect see ed to

be decreased. Thi- result zecmed to be in contraditi-,n with what was

expected. becau.ie at higher temperatures the cationic d-Iffussion shou.ld be

molre rapid, and therefore, thr effect of oxygen atonis in creating new defects

in the crystal shoC-d t, haigher. These facts could only be attributed to a

decrease of the oxygen atom concentration when thfŽ temperat'ir: incr200ases.

The surface rec!;mbinaticn coefficient / for oxygen atoms on NiO , os well

ao on the re.action tube of silica and other componenrts at tho reacti-n area,

would increase considerably at high temperature. 'Die exact value of the co-

efficient y at high terperutaire is not known fr tho- nuckel. ,xide. but for

sillca, for examiple, Linnett and Greaves16 have :3howii that y increases by a

factor of onr; hzcired from .1.6 x i0-4 at 2O1C tc l.4 x 10-. at 6000C, following

a parabolic law. The slope, V/-)T''f the ciLroe ", :-,-'JJ.. t1::pi:rature Is rathur

ThtOei. !•To e'ffect wa.: found Li- potaLsimt chJri ',e (vY0 . = 0.5 x 10-4,

'l -, 5 x i0"2 ). It can. therefore, be deduced that t temperaturez above

(60oC th,, coeff-cient 7 would be high. If w•e .pe;ceuatc tli:at the variatiou oC



'Y viti, tempuraturc !kr NIO follows tilt iamm. 1Lu ar. Lbat. for silica or Potassiumn

chloride, lit Iii posci~bJe tu obtain an approximate Value of the surface smm~ln-
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A SELF SUSTATNrMG DIPOLE DISCHARGE IN OXYGEN

NM'uyen rcinh Dzoanhi
Chlwistrv laborator'... Indiana UniversiLV, Bloomington

ABSTRACT

Two parallel metal electrodes are covered with porous insulating layers

and immersed in oxygen at one atmosphere pressure. A dc potential

difference of about 1P kV is applied between the plates, which are several

cm apart. When a ..0o microcurie alpha-particle source 'Polonium-210) is

introduced between the plates, an electric d.ischarge is iritiated which

continues for one to two hours after the source is withdrawn. This dis-

charge is called the self-sustaining dipole discharge. Its origin is

beiieved to be a Malter effect occurring simultaneously at both electrodes,

and caused by miciospark discharges in the pores of the insulating layers.

This mechanism is supported by the observation that tiny particles of

insulating material may be ejected during the discharge.

I Pr,.sent address: Department of Physics .Ill ellno :nst.tute of Technology,
Chicago.
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"[ht' s implst form oI i.. sL,.e,l ining disctarge in gases is that between

two parauhl! flat wt-,j ,--At.-s. Wl-ern a dc potential is applied between two

plates. thu transfo.,•. -ioi, cf tLh, gar. from in insulator into a conducLor

may take ;-iacm in virious ways. defending on the p.resslrt, and the temper-

aturv. of thc gas In ord inary air at atmospheric pressurL and room tempera-

ture. as soon as the broekdown Fotential is attained, only a spark is pro-

duced INw, origin! ll\ wrv ryigb rtesistance of the gas becomes suddenly a

,Jc rN low rcsistanct, c1 ftf order of one ohm. Persist2nt intermediate values

L4 resist.inct- cinnot bi. r,.ilized. and tie discharge is not self sustained.

TI-c main reason for r', . absence of a self sustaining discharge in

buch a cast, is likely to be the fact that at high pressure the collision

frequenc ofe partilelts is higl and tte rate of energy loss is correspondingly

Migt 1*tr positive ions are the-n not sufficiently eni.rgetic to release

from tbe catihode by ionic impact electrons necessary to maintain the

d ischarge

11,v well known classical way to maintain the discharge between the two

plates is to Increase the positive ion energy by reducing the pressure of the

gas to a few millimet.,,rs of mercury, thereby minimizing the collision fre-

qutncv of the particles, rhe discharge current at low pressure is given by

the TIownsend relation
e ad

ii +icl; a i. the firsL Townsend co(efiicient, defined is the number of

,lActrons prodcuc,,d in the path of a singlt, clctron traveling a diq'ance

Lt ont cotimnitecr in tte dirtction of the fit Id.. d iLs the distance between

Li, two ,].,c trodes . is ti-c second rowtnscnd ccot,'-fMcilent due primarily to

lI,. ell) ic 't: i IS tL f.s u rUt produo ',l Iv, on t, xtrnal source.
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such I.s c'5,o'fj. S . i-., I.VLc.

It is I'ropo,;svd to discUss ;JnoLhtr mcLhud.. Lo ma intaLn ai discharge

betwtcLn two paraI Id platcs ,.ithout decreasing the pressure, and to try

to gtnerallzc it to any s2. -okitric configuration.

BASIC PRTNCUPLES

At relatively high prcssure, the discharge between two parallel

plattvs cannot be self sustaining because of the lack of the second ioni-

zation coefficient -. If an artifice Is introduced that can produce this

second ionization coefficient y, even urder some other form than that of

ionic impact, the discharge will certainly be maintained.

•rhis artifice can be found from a fi•Ld effect known as the Halter

effect. 1 When a wetal target is covered by a layer of porous insulator

- such as some metal oxidesY dusts, organic compounds, etc. - and bombarded

by a charged particle beam) an enormous electronic current can be drawn

off from the target by the effect of the high field built up. This

high-field effect stops when the incident charged particle beam is

cut off. This phenomenon has also been observed by Guntherschulze, 2

who used a graphite and aquadag target covered by aluminum oxide particles

and bombarded by positive ions. The electron emission was much higher

when the oxide layer was present.

Although the target is bombarded bv a charged-particle beam (ionic

or electronic), the mechanism of this emission is completely different

frorm the classical secondary omission. In the latter process, incident

charged particles react with the conduction electrons of the metal target

and tht. electrons can escape throu-n the mvtal surfao,. if the transfer of

L. malter, Phys. Pcv. 49 , ,,.(19le COP)
"Guntherschulzt-, Phvsik Best .va .abie CopY



m",tentiun, t: a .!cr is zufficjent. Tn the present casc, the oxide layer,

generally a pretty goo1d injilat .r at room temperature. prevents the elec-

trostatic chargcs fr.im flewir; away and keeps them for a while on its

gurfac.o A gradient of pr.nntial is thus created, which increases quickly

Lo a high value because o( the small distance between the target and the

charged insulator lay•t. Gunr.herschulze attributed the increase of elec-

tronic current to the surface field emission, due to the high gradient of

potintial built up in his experiment by the positiv.e ions deposited on

the surface of the aluminum oxide. Malteor used a target cov.-red by an

aluminum oxide film formed by anodic oxidation, and the target at ground

potential was bombarded by an electronic beam. He suggested that when

the incident electrons impinged upon the aluminum-oxide surface, the

classical secondary electronic emission tool, piace first, and the emitted

electrons were immediately attracted to the collector. A positive charge

was thus built up on the surface of the oxide film because of its high

resistance and then field emission occurred.

There was, however, no published quantitative data to support the

hypothesis about the built-up positive charge It seems likely from the

experimental point of view that the phenomenon was governed by micro-

spark diszharges...When the potential at the sur'cce of tCie porous insulating

film in both cases (Malter and Guntherschulze) reaches the eparking potential

of the ambient gas, a microdisruptive diicharge occurs through the pores of

the film, and the gas layer at the surface of the target becomes strongly

ionized. This provides a multiplication of ions. The incident charged particle

beam acts as an exciting source. The system target, porous insulator behaves

as a mosaic of condenser which is charged by the incident ch.rged heam an# discharged

L'L. Matter. Phys. Rev. 50. 48(1936). Best Av i'lab! e Copy



fr I g I' r; ?t it t.it, iu F ' 1 im. Ihr f.h--r-,,i nv *3nd discharging

t i i U anid d p vn d n t;. -ipa~c Iry F. the t. -mdonr.ers, everything also

bt irg#,ctu.i

'[lie ..harg-.d( parvii I.. - -- creat~ed Ilitv, teach the cvllt-ctor In pulses.

rhv f requf ncy of O:h. 4 l.-rgte and disclx.mrgL- of this gr,-.up -A condensers i.8

very hig-h. su r~ivit tit;- cr.-lec~ted current appears toŽ be crn~tinuouis. During

1:1w, charging iiiim.. t. the cjltecL--r does nat. rececivr any chairge from the

t-nizc-d gas. When Ch, surfacecparking pot~entlal isý reached. the- micro-

diqchnrc~e *'ccurs. che electric field at the surfacce of the insulator layer

is suddenly red'ij-.c'd t.- a small value. The gas layer is strongly 1.0nized

and the charge cycle witl bc repeated again and agatn. I.t is only din-tug

thue di-Acharging Liti-t- thot the collector cnin attract the charges from the

plagma. depending -in it!= plAarity and pctential.

ALt~h:)ugh-tlfe ent.hanced c~h~rge is lcrgely duie t,) the Ionized gas. the

ci~traction of chirged part-icle,; ft.-m tile tartget by field1 cmisiion i, also

p 'ibhLo. Ti the fil.d strengthi 1ýý high en~iugh. ll.wevvr. #this emission is

;i-sumed ta be weak. co~mpare~d t-.- that from the i.onization cf rhc gas layer,

,ýiiuce ti-e electric field at~ tile electrode surface Is limited to the. ave~sge

value by the Pasch'nn's law.

The photote:'c-c'ric. ceffe~ct m:.y also play a part in the production of

ions. F~diart-n ot sh'vart wave length. such as ,Atraviolet. should be

abundant.. Meu grc.,it- tmount. id1 t.N/.ooe' created when thle gas is a~r or oxygen

may be pp.:.. prý-,.( A the exi--Atenc'.: rf such ra1diation.

Tbe emL-,t.,n by i.--nic impaict is n(.t. ncigligibic. because thle charged

par~li( In in thl.- ;,ip Lati bc acceltraited by .1 hi1gh [IelId which r(eaches

s-:vt r ii t~h;.Jsand vo! lt-e PO'n;!m(r Projcci: on (,I* charged material

poLuILc.I'. fromi Il: ht .iorgy'u.r 'ii Id lit tpecto.dI. and i -; in fact. o rtcii obsevred.

Best Ava-11able Copy,



With the cencept of Llie cnndenser in mind, the value of the voltage

built: up and the field srerngth at the electrode surface can be estimated.

The porous insulating film is considered to be approximately a monolayer

of spheres cf radius a and 'Fig. 1) the contact of an insulating sphere

with a pLdne Ls assumed to be limited to the area where the gap is less

than a certain fixed distance. The area of contact will be proportional

the square of diameter of sphere d0, and the resistance of the area of

contact to d/d• -/d, where P is the resistivity of tne material. -

The ionic current to the sphere will be proportional to d2i. The voltage

built up will therefore be

VD= K(Pfd) dal - KdiP

where K is a constant. If we n.onsider the surface of the condenser

(charged. sphere target) as red-ued to the area of contact and a great part

of charges concentrated on the top of the sphere, the charge 2 built up

will be proportional to the ratio,

area of contact
gap of the small condenser

and to the voltage VB*

d Bq~ V8 v= Aid o

A is a coefficient of proportionality.

The electric fcrce on this charge will b-.

V=IX Ai d2 ,, , (2)

where E is the electric field near the surface of the target and I is

the incident beam intensity.

It appears that the formula (2) giver, a possibility for measuring

E -if we can incasure F which tends to apply the I.risulatilig film strongly

t,. chý_ target. Tids fact was clearly demonstrated bý experiment.

The formula shows that. the voltage built-up depends on the thickness

Best /kV3A1able Copy
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t metal electrode thickness

D a electrode diamecer

m letal

d = dielectric sphere diameter

a - radius of dielectric sphere
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and cesisLiv;ty of ut, inqn,1iuti, flint and th: incident beam intensity.

If the thin film is c3mpact. rlhi voltage V must reach a high value in

ord r to create a microspari< disch:-ge through the insulator thickness.

In that condition. thc Malter effect would i.-t easily occur: on the

contrary. f or.. p oro u s Insulating filnx such" as certain oxides, dust

ct,'.. the dL'ruptive voltage is rather low through the gas located in the

pores in c:mpariL:.n with that through the solid. "herefore. the disruptive

mierodiacharge can take place relttively easy and the residual gas will

be immediately ionized. As discussed above, the phenomenon is probably

governed by the Paschen's law. For a given gap between the target and

the charged insulator film, the microdiruptive discharge takes place

much easier at the p'ressure which corresponds to the minimum of the

Paschen curve.

Self Sustaining Dipole Discharge at High Pressure

Now, instead of a cylindrical coll..ctor, two targets, both covered

by a porous insulating film, are put one in front of the other. The pres-

3ure of thi gas is about one atmosphere or higher. If these two parallel

plates are bombarded at the same time by a charged particl, beam from an

external source, the Halter effect rontioned above must occur simultane-

ously in the two opposite surfaces.

For thi. purpose, a sourc'2 of polonium 210 of two hundred microcuries,

deposited on the top of a small glass rod. wat placed in the interelectrode

space and a dc potcntial applied between the, two electrodes. The alpha

parLicles, having an energy of I.., NeV. will create a strong !.onization of

Lir gas. In, air. fot c:xample. aL atmospheric; pre,-;surv. thoy are able ta

pr>doice t.5 x 107 ione per c.ntimcter of path. !.'iler tike influence of the

(1.tf(flrenc C of dc p.,1tt'in.il tih,: ,-Ioitd f-,f cvlt Lro. IS*, n,:,-clerated and p,.-oduce';

Bcst AvailLae Copy



;rjhe*r i -n p'i .

ih" p.,itivw. and ,gnv.iv. particic.,. -,,, Lrvated ate Accelerated by

th-" de cItiri.c l ic:Id in %,iLe dir(-ctious t•ward the insulator films

w!)ich c vvr the' tw •Iv: , The local electric field is progressively

1'uilt up at. the film- ,Iill the ;parking potential is reached. The mirro-

di. ruptivý' di -char3- t- i.hen br-ught about through the pores of the insula-

t')r filynr. :-i b '-h -;dt-. I r a symim.trical geocmetry, such ai two parallel

plates, Ir i, lik+ly that the Halter e[fecr, take; place qulckeTr -n the

positive, elvcrc-de th-n on tht. negative ene because of the high m-'bility nf

el,•ctrrn.,. de-piLe of the tact that. the sparking potential in a gas it.

=lightly higher in the negative than in the positive polarity. When the

micr-,dischargc ct.cu:., simultanecusly in both side. it in no longer neces-

sary t-j maintain th. discharge by a polonium source. The discharge becomes

elf Esu.Ltining. Each electrode serves as an ion source for the other.

Tw',' electric currents of npposiLe polarity flow in the elect:-ode inter-

space in epp-,slte directions and supp.y successive buildups of charges

C.r the cv,) electrode surfaces. In order to express the processes of

i-,n production at the two oppositc electrodes, it is proposed to call

this dt.'charge a Self Sustaining Dipole Dis:harge (8.S.D.D.)

At the outset of the S.S.D.D. there is always a sudden potential drop.

This phenomenin is interesting in itself and appears to have a clear analogy

with the self sustaining discharge in a gas photoelectric cell which, once

s•tarted. can be maintained without Incident exciLing light. ,The porous

tinulator filhn in the S.S.D.D. ploys thc same role aq the sensitive sur-

. f tho photoelectric ci.Il. except that the inechanism o- ton production

i-, qt~ite difit-rent.

Thus the self sust•tning dthcharg, can b... wiainit.-ined between two parallel

piatc; it: high p1gb squr. , {r.m,-.sph.•it pres.ure t', n;.,r,, ,,winug to the porous

Bost Av Olcbie Copy



Initilatinn at the 4urfaces f thc clectrodes.. This provides a secondary

¶.wnsend c.)cfficient -/ which is necessary to maintain the discharge but

does not- exi.•,o at high pre.;sure when the electrodes are bare.

ihe nlo'nium sourc.e is particularly useful 1.4 effecting the firtt

-trcng avalanche ;'f ch.A.ged particles. The current iQ in the fnrmula'

ioead

is then high enough to furnish the necessary charges to start the micre-

discharge process at the electrode surfaces.

The-)retical Study -f the Potential and Field Distribution

In order to undcretand the behavior of such a discharge, it Is inter-

esting to know the modification of the electrostatic field due to the pesene

of the space charge p formed by the cloud of ions of both signs.

P = P(+) - P(.)

The problem is naturally governed by the Maxwell equations. At first it

is assumed that the ionic recombination is negligible owing to the high

velocity of ions and that the variat.ion of the magnetic field due to the

ionic flow is also negligible, because of the stdionary state.

These considerations being taken into account, the Maxwell equations

can be written:

d x E 4h r(p (+ % p-

curl F C0

div .1 0

it, Uhicl. E Ls the elctLrc field during the discharge. p(+) and p(_) are,

respcctively, the den,-tty of space charge due to the ions of both signs. The

donstLy .4 the current is 1. A- curl E 0. we can write

Bst A Copy



E -grad0 (4)

in which 0 is the corresponding potential.

The velocity of the positive and negative ions is given by

o• ~v(÷) = k(.•)P V (.) =k ( .E

where k( and k are, respectively, the mobilities of the positive and

negative ions. Then we can write the expession for the density of current

p(+) [ k(+)k(4 ) (k(_) D ()grad p(+) + D()grad p(_) (5)

in which D is the diffusion coefficient of two kinds of ions. The conservation

of ionic flux represented by the equation (3) will then be expressed as

follows.

div J-div RU + D)(+) 6(+) + D. ( 0 (6)

in which 5 p(.)k( 4 ) + P.k(-), or, after developing div C B, one has

s div 2 + r'd t3 + D(+)A(+) + D•(."P() . - 0 (7)

In order to have the general equation of the field and potential distribution

for the S.S.D.D. in any geometric configuration, the value of 'p() and p(_)

in (6) must be expressed. Equation (3) is not. sufficier.; a new factor is 2

going to be introduced which can be, at least, determined by experiment.

The total discharge current is given by

I= +1I (+) + (_) (•3) :

1 and I(_) are the positive and negative ionic currents. The conserve-

tion of current components can be expressed as follows

(+) = p(+)k(+)I + D(+)g&ad P(+)]

l()= 4 p(_)k(_ý1 + .(_)grad p(_)].

This ratio I (+)/"() is equal to:

P+)k(E++D(+Srad (4)

Be tk(.%E + D(Cp grad p(_)
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In general, the velocity n( Inns due to the thermal diffusion io negligible

in cornparist-n with that- due t the electric field. The diffusi'on terms have

an insignificant influeitcc ;n the value nf the ratio (9) which can be written

7o P(.)k(+) g

IT att:,ntton is focused on the negative electrode side, 1(4.) will be called

the excitor current and T (), the inductor current, and vice versa on the

p:i,stive electrode side. 1(+) and I(_) have a mutual action, one on the

,:.her. The ratio, g - P(+)k(.+)/p(.)k(.) can be called a production or

multiplication factor and can be measured by the probe method, for example.

Thiq rati'o will plat the role of the second Townsend coefficient y in the

discharge at low pressure.

N:•w tr..m equations (3) and (10) the value of p(+) and po_) can be deduced

div E - ÷ -

p(+) k(+)

g
div E I (+l) )

P(_) = 4r (g k() -(+)

4 .g k
P(+) =• (g (.)

T(g k(,+)

Equation (7) will hen become:

div E g k ()+ k Ik W k g k(.)k(+) + k(+)k(_,)

g- k + E grad g k(_) ~~l - 4)- k(+
div 9 g k(.) div_ •k,+ D.i (4,c(g k( + DA 41(g k( kS_~ k) - kc+) ~ f .ngk) - (+)

__n Copy3Os't Avý;~ ~Cpy



After SimPlifv--VizLn AW'i O-le tptu..ducticn 2,f E --- grad ep, one obtains (121)
SD(+k(-% + D %k

g'rw, ~ ~ ~ ~ (- -( rsi -d) )k
' gr ~i :.gr~d k k (g + 1) (2

(_+)+ (-)k_)

It, ir interesting to' n~t.: thr~t if 9 -I, this means that p(.:.)k+ P( )and

th-t c-ýefficient. .4 t1',, econd member r~f the equation (12) can he written:

f+) fk(-)

Tf thi3 exprp'9i-n is~ multiplied by

k k

k, + k

it becomes:

D k + D k k C

k (+)+k 2k +)k

It is clear that this expression in equal to Dt/-.-k in which

D + k., + D _k (t
Da -k( +) + ( _) _k 

k

is a classical ambipolar diffusion coefficient and k 
=k (+k - is a

reduced mobility coefficient. The general equation which governs the

potential and field distribution will be:

(A4/Ad2 + g~snd D' gVad (AO) DA%(t

if Llhe space charge is neutral.,

p (4) - (-) nd (g (-k

l'iq. c )fl-ent~ratclrt o~f i.lcctrotts and pesitivc it-tis is equal, the densiti'.9 of

cutvrent due to charge ca~rricro are proportional toc the ratio of mobiltites.



!1 *a•- ![ m . 1 1 r ,rri c, hy (. c rt-lr . . n I L . if p(+ ) - p(

•lt 111 1 1 ! 1 )

P ..i , .
.J. by drfiniti-n.

A- k " . t',, f li. rent. r-.r the ciconn mcmber r. f equation (12) can

i iJ t :• n .

D I' * D klD 4 DIf .. ( -) _ ...) ( .. ..D D _ . 1 )z 3
k k k k (k1%

k(..k

1, 3 ,*u, zmpt.,t.arc is inu|cl smaller tr.am the elcctronic temperature. so

11it. J ' [ l i;xpres .ion (1 I t2 the.n redu,.ed to D( /k,_N. Therefore.

Oh, pg,•n.ral o'qua.l:..n fvr field and p,-tcntial dir.orLbution in tlhe positive

t-lumn. wh.-re p p(._, i.; oly modt.ied by the electronic diffusion.

gA. i.Ag.-.d gir'ad :' -:.A)

!q wv--r. th•- thermal agitrat:izn iii in general so small that: we can afford to

neglc, it in Lertain cases. su.h as in air at atmospheric pressure and

r.i tJ.mpz'rarurt. Then,

Sgra- !), grad (,m,) 0

Afthcr inLegrating thi.s equati.on taking into account rhli boundary conditions.

St:h,-r Lnlcir,.tIng fact.)rs •.in be drduced fr-nl the expression for P. such

.aq tivi Held, the sp.lp.c charge di:;tributtcn. etc. But the differential

,+(l,,.t.l.'ii witl, fourth order partial dlerivative cinot be solved In tho classical

•:,v. Tr 1, noce4s,,ry tý', usc. appr.-xtmmation n,-thllidn and n computer. If the

i , ~ 1 l,.| dl~|ir icitLy prevents .- fl. lrn, Itg fiLrf:1- r In tl It sLudy. It L.•.

Ii.,w,. v . q,,t'ie p,-1:4bI' VL. mva~iir- Ilv qpil(, porential . iand the electric ficld

it. 1w bLatjIwd 1. stmptvc riaph itI.,grl. tcn.
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-11 *\1 %-1, t i. ,Ii, - -.wn iii rF igurk The l.cccrodes are

Iv? Id 1%- .d1 g -1 p1_ig"Ia,, whiich c~an 51 ide t, t1 a pair i~f rails.

Pit-; a- I dgi-d in :it *~irniiim hriN whiclh l; c~onneŽcted to t;Ie conventional

paipi n; -;-'t.m- zHir .i , vjalt, r he- eirrtagc can be.in 11'evd !xtlm outside

h 'j- Ithar. the di;,k:ince lfWicen cirr~c-can be varied

1111d (I. '11 fu iiii id j-Hiy. F(,y reasion -.1i c.ý)fvc~n enc*'. a fibergl~a1ý cl'th is

*~-~d nI Fi v [t .x ~I dc lnyer. This clo~th had a thickness of 0.10 mmi

".1d wa1ý W v. i 0. mm f ibver,. Thce vL :ieti vi ty r~l the glass is comparable

iaii i tha~.t f *xidc and t:ifw pornslity c-an hr. ev.auate-d by an ordinary micro-

o ~pe. Th,, hygr.:Sc.1;C ncTatulre fif the glass reduces the resistivity of the

jp.ij~i~in Licrt., IýC 1111. a valu.' that t.he discharge ii; difficult to

<. i ~tt 1 : A Smn.1I I tinc rea7c in tempera ture its ennough to e Iimi nate th Is

p r'L. - 11wi( gla4;~ cl t~h which play,, the role of Cxidc layer is held by

tw~~~~l x~.:Lr~ptiglass ri~ngs v4 diimtt:c.r twtceo that olf the electrodes.

I 1w ovaid,,' (iamvt--tr "f *.-ne plexiglas-s ring is nearly equal to2 tho insilde

diari L( r *.. i nothic.T . fl, glasr. cU~th ti l'rcated brt~wcc'n thenl..

vik d.-r Iit avcrid tit( nionunifcorm field at the edge of the ele'trodc's.

.1 m.cat gjar~d ring wa.- it1;Qd. *Ihe electrodcict ,ý 1.1 cmi diameter arc made

t purt m(.uil 't . ppcr tir aluminum) . The electri. ca.l ircuit t~i shomn in the

S-)

in tit wc dv tI tit r oln t. ol tithe Ln"ntcre le-t~reoe space by mnnip~dlitiotl from

(1 -. IISidk. tit( b,)'; I liv t.nemjvaLu e in Llhe b.,.v is til a~isu vtýd byaopper coil-

4-0 tv oi ith. rim'. otip 1-c uind H:ic r'''i by n Ot.hv.litiocJ tip ie ),nitge wid .1 tierexi rv

M7I .,i -~ vg u -1 I 'flued by Ma the cein C' v.cp~ify wns t ii :d ui.t~hoiu puir ift1ct ion.

lb wr h1, d livtt ,I A ghlo Iv by .irw~i 4 tanlcv ho~foto hý.'ig, nd'ni t:I~od trn Lhe'
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P, i AN~ ') I :

Qu'wt .0 I till-SS. 1).1). f'1 .. r i I I. w wa s Qv vcu~j ed be fore Idm i t t I ng

L li i -it LI I, *-ru o*x vt till to one zitmosphel-v or more. A

dtI pt er ill 11a OL I i.tr~is arpplI~i;, between Iwo ult!c trodes,9 both

coovcrtcI bv I f'trol-Os I I~~ in ilm As soon as the exc itor alpha source

k-as put into th', iflI ri 1tcrode space, * a permancnt discharge current was

oh',.a i nd. Hoti Lovt-rvd veieetrod. SUCI'IaC(S WCLe suddenly illuminated. The

luminosity wals inuch 6righter on the cath'ode than on the anode. This fact

may be(. duc to the he.ocavy bombardment by positive ions. The polconium source

was then re~moved but the discharE~e continued between LWO parallel electrodes

under a pressure of one atmospere ormore.

Theu minimumr voltage between viectrodes. necessary to start the S.S.

D.D. depends ort the gas pressure and on the gas temperature., for a given

gt.~i~ticconfiguration. This result apparently confirms the foregoing

explanfation that the mechanism of the Matter eiffer.t, in this Instance at

le-ast, is governed by microsparks between the charged insulat'ing film. and

the metal surface since it is entirely dominated by Paschen's law. The

initiation time of thec S.S.IJ.D. for a given applied voltage depends on the

intensity of the ex.citor source and on the srccific resistivity of the

insulating filtit. It' the .wtiblent gas is loaded with water vapor, the

in[tiation Ltill. is much loniger, and SOMetiMLS the S.S.D.D. does not occur

11U mtli ttr lit". :iigll Lirt appli ienvelec tric f Ic II may be,* since the adsorbed.

%Wa U-! voapor r~kdt~cst~ ilt rus is'lvi Ly of IThe insulating film to such a ki

valtt O 1a t I*.e htf.l Lt I.upelct es taoti fie l~d at Oi vl eIect-rode surface is

c. iigbenugh tidIhe retore Oit uiiixronpa rk CM11110lnL) t.ko place.

ii Oit, cxpe r in,,n Id vves- iIs closed, itht.i d ischargec current decreases

!,l ik ,and OUlhtr ii ail filerast. lit i. 11- in tilt- nmin t ty of uzone, nind yven

fii tro'gezi xid: hi'Ss 11111me.1 ill Small amount. ow iina Lu# the-pjri.sencir. orF

3~nCstNA bV O



Ii1 ~ .r ';. nl ir In -;ir fr? kePP Ilit, discharge curr.ýnL

i-I- in! ri.:. arpilt-d v. ttag- i - it ri-i,ed -,light ly but almcst continuously.

A I'r :lk I t E h )ur,. it, gas w~a, warmed and the dizcharge stopped

c .wipl':t J Thi : fac' w-i t bt. sn'hu 1n.-~ in warm gas the mabilit~y

4~'j~ j h i~i -nd rh- dtLschargL' c.urrent sho'tild be greater.

'ft rrnati -t I 'tdc layers. especially at the an.-de, has some

intIts, nt, ni th. dt-Lhargt. 'urrev! in rhtý S.S.D.T). but the presence of a

gr.-;! am *jnf [ ?.nfl( may .dl; be a fac- r. 'it iz, well known that. (-zone

pr duc ;d *h a-d( di acharg~- c~in rt-cil apprr-ximately '50 rer cent of the

rtal gav, v 1,m, 'it was f -r a 1-.ýng t~im-, !,uspected that. these gas mc~le-

(II,-- b.-c -me tieavy i,.n,- and m:.ve v'ery ,I.-:wly b(vca-j~e of their mass

wardl the tltr.dt-. When th-e gat in Lhe expetitrental vessel was sa .Iraied

wt: h z- niý. .and !hr, curzent. discharge was reduced to zerv. the reinitiat ion

I ih. S.S.D.D. c tild be effected by again us~ing thc polanium source at a

higher appliced v7,ltage., but the~discharge'-did not. last. very lo)ng (a few

minu't-0Y 1i wa.; decided, thereforo. ts renew the gas continuously.

In~ rder , m.zdintain the dltccharge current. at certain given value, a weak

ft~ -f ( xvgt.% was arranged t~hrfý:ugh a small leak through the valve which

'vparatt-i1 th(e pump and the experiment~al vessel. This sinai. and continuous

lcv.k balanced the ga, Lu1pUt and the pressure in the experimental box was

thu kiept c~ni,rant.. At a pr.'ssurc (:f ine atmcsphern and with a polon~.um

UI~e f "00 mincr.ctiriez,, wher. a high v.aItage is applied toa the electrodes.

a .- '~rtoan r LMV wjG n~e-ary for- the ch-irgcs, to build up on its surface,

brc1r' the S S.D.D. could %tart. 1.1)1- delay time fi.r inittation of the

5-S D-. ). dt pvn.nci n th, o' hn - tb. v it age and. t hr. di' tance hetween

* .r di

~~'.o: a.ti-l !a appliojd v'.I taoce vcsi' Li~ dol 'v titn ' Is Shown

~ ~Olt *.. * I ifl .i t~ rrodr -pat, 5citij!a p~inimentccr it follows a1V jy
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hyperbelti law. At high vaiough Ipplied voltage the. S.S.D.D. took place

almost inmediately. If the interelectrode space increased, more energy

was neccssarv to start thc S.S.D.D. for the same delay time. It is inter-

esting to notice that -ho delay time increases linearly with the inter-

electrode space L for a given applied voltage as shown in Fig. (4). In

fact, for a given working condition of temperature and pressure of gds, and

resistivity of glass cloth, the breakdown voltage at the surface of the

electrode sho, d have a definite value. This value calculated above is

given by:

VB kdi

in which i - SNeu, u it the velocity of charged particles, e = electronic

charge. S = surface area nf electrode. N = number of charged particles,

dA~, are thickncss and restivity of the glass cloth.

From these relations we have:

dx i VB
v dt - SNe - SNekpd

thercfore

t

SNekpd

L ()SNekpd

This relation shows that the transit time t is proportional to the distance

L between the two electrodes. It is reasonable to assuime that the delay

time ' is proportional to the transit time t of the charged pa-ticles across

the electrodes.

Kt
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K is a constant of proportionality. The relation (14) becomes

L B r = AVB T A iSNe1~dK = constant (15)
SNek~,odKB eod=

This relation can explain the behavior of the curves in Figs. (3) and (4).

In fact, the voltage built up at the surface VB is a function of the applied

voltage V. This function can be determined if the potential distribution

is known, by solving the equation (12). Unfortunately the mathematical

difficulty requires the use of the empirical relation between the discharge

current i and the applied voltage V. This empirical relation deduced from

the characteristic curve, i = f (V), has the form: i = MVmo (M and m are

constants.) Since i is proportional to VB ab shown above. VB is then

proportional to Vm.

VB

The relation (15) becomes:

L = A'Vm

A' is a new constant of proportionality, For a given value of V, VB is

well defined and the delay time is proportional to the distance L of two

electrodes as indicated by Fig. (4). If L is fixed, the applied voltage

is given by

v= ( * ff

The variation of V and T follows the hyperbolic law as indicated by the

curve in Fig. (3). As one can see, all of these results fit the microbreak-

down hypothesis previously discussed.

When the applied voltage and the interelectrode space are kept constant,

the delay time variation in function of the gas pressure is shown in Fig. (5).

The linearity is observed from low pressure up to about 65 mm Hg, then the
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delay time increased almost exponentially with the pressure. In fact, from the

relation (l1), the built up p,.tential VB is proportional to the discharge

current i and therefore proportional to the mobility of the charged particles.

Since the mobility is inversely proportional to the pressure, the delay

time I should vary linearly with the pressure as shown in the left part

of the curve in Fig. (5). At the threshold of the S.S.D.D., the onset

dischargp current i being kept constant of about a few microamperes, the

potential dr:p is then constant for a whole range of pressure, and is inde-

pendent of the applied voltage for a given geometric configuration, as shown

in the following Tables

interelectrode Applied Voltage Potential Drop Pressure
space L (mm) V (kV) AV (kV) P mm Hg

2L 3.5 0.05 76

24 3.5 0.05 71

24 3.5 0.045 66

24 3.5 0.05 56

24 3.5 0.055 41

Pressure Interelectrode Applied Voltagc Potential drop
P(atm) space L (mm) V (kV) AV (kV)

40 6 0.2

1 40 7 0.2

1 40 8 0.2

140 9 9.24 (1)

1 40 10 0.35

AM
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(i) The onset current of the S.S.D.D. was slightly higher than the former

value, therefore the potential drop was higher.

If the applied voltage is kept constant at a given pressure, the potential

dcop decreases as expected when the interelectrode space increases [ see

Fig. (5).N

Characteristic Curve of Current-Voltage of the S.S.D.D.

In order to characterize the self sustaining dipole discharge, it is

necessary to know the variation of the discharge cirrent i, when the applied

veltage V between two electrodes increases, with different pressure as para-

meter. The graph Log (i) versus Log (V) is shown in Fig. (6). The

parallelism of these graphs is quite clear. Therefore the variation of i

aL function of V follows the parabolic law, The equation of the graph is

Log i = m Log V + Log M, hence:

i M 1Vt  (16)

m is Lhe olope of the graph Log (i) = Log (V) and is very close to 5.45 for

oxygen. This coefficient depends probably on the nature of t l- gas. M is

a constant which apparently depends on the pressure P of the gas. In fact:

Log i = m Log V + Log M

Since the graphs parallel each other, the coefficient m is then constant

for different pressures. If the potential V is kept constant the Log (M) =

F(Log P) should have the same- slope -L as the graph:

Log (i) - m Log V = F(-og P)

since Log M = Log (i) - m Log V. For different values of V, one has different

parallel curves. This slope 4 given by the Fig. (7) is equal to -6.45 and

the relation between M and P can be written

M constant x p-6045 C
S~pe.45

7 > . . .
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The relatinn (16) takes then the form

S-C V5,47 C (Y)54 (17)
P ~P

Since the pressure P is incversely proportional to the mobility k of the charged

particles, Lhe relatir.n (1?) becomes

i . C k (V)5.4-9
P

This is an empirical r-IMtion between i and V, deduced from tie experimental

graphs.

For a given applied potential, the discharge current decreases drastically

if the distance between electrodes increases az shown in Fig. ($). From

this series of curves, ,ne can determine the necessary applied voltage between

tw: electrode:; in order to keep the discharge current constant as the distance

incrcaseq.

Sparking Potencial

It. is widely recognized that the sparking potential between two metal

electrodes depends upon the nature of the electrodes, especially when the

latter are not clean. Decrease of the sparking potential with dusty or

oxidized electrodes has been observed but the mechanism of this effect is

not well understood and still subject to controversy. According to the

results oi this experiment it seems likely that the presence of oyide, dust

cr other por'us, insulators ;ýn the electrode surface will create a nucleus

for a microspark at the surface, the obvious consequence if which is to

start the main spark between two electrodes earlier than usual. The

mechainism would be the same as that of a triggered spark gap described by

C
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Craggs et al.4 in which the main spark is accelerated by a small spark

generated by an auxiliary electrode. Figure (9) shows the variation of the

sparking potential with pressure in three cases.

4 C;raggs, J. D., M. E. Haine and J. M. Meek, J. Inst Elect Engrs Pt. III A,

1946), 963.
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CORROSION OF METAL FILMS IN AN OXYGEN PLASMA AT HIGH PRESSURE

Jens Traetteberg, Ngu)yen Trinh Dzoanh, and Walter J. Moore
Chemical LaboraLory, Idiana University, Bloomington

ABSTRACT

"The oxidation of thin films of aluminum and coppc' by anodization

in dn oxygen plasma cell at one atmosphere and room temperature was

studied by means of an electron microscope It appears that the oxide

film formed by the oxygen plasma is torn 4.nto fissures by both electri-

cal and thermal breakdown over thV surface of the metal electrode.

Selected area diffraction revealed the tixistence bAI20,O with aluminum

films and Cu2 O and CuO with copper films. Nucleation and growth of

oxide below the outer surface of metal may be expectLd as a result of

oxygen-ion bombardment from the plasma.



CORLROSTON t4 MEIPAlUIS IN AN OXYC'EN PLASMA AT HIGH PRESSURE

Jvilss 'Y-':ot ttvherg, Nguv,,n frinih Dzoanh, and Walter J. Moore

Chemic.-il Laborator'. Indiana University, Bloomington

There has hecti a ,r... increase in the use of gas. plasmas, for example,

in deviLo:: to study ,ntc lear fission, in experimental ion propulsion engines,

and it, systems for carrying out specialized chemical reactions. Questions

naturally arise concerning the effect of plasma atmospheres on metals and

other materials of construction. One of the primary purposes of our

O.A.P. contract was to qtudy such processes. The successful development

of the self sustainit.g dipole discharge provided a suitable means for

such studies by m.king available a convenient oxygen discharge plasma

at pressures of one atmosphere and above. This paper describes the ob-

servations made when metal films were exposed to anodic oxidation in this

plasma.

Most metals are unstable at room temperature in contact with oxygen

at atmospheric partial pressures. In the case of aluminum, a film of

oxide about 25 1 thick is rapidly formed, separating the reectants.

Further reaction can occur only by diffusion or migration of metal or

oxygen ions through the film. Such transport thickens the film and

therefore reduces the rate of reaction becauqA of a decreased electro-

rtatic field across the film. In oreer to increase this field and there-

fore its oxidation effect, the common method it to make the metal the inode

in an electrolytic cell coataining a suitable electrolyte. The physical

structure of the oxide depends to d great extent on the electrolyte. In

gvneral a film thickness of it few thousand ,Angstrums can be ob-ained at

room temperature.



It wOUld 1W in ,:r-est ug u• incre.asu the gradient of potential at

the metal .;urtace undcr cO!'ý ition.s ,imilar to those in anodic oxidation

but using, ins;cead of liquid eleccrolyte, a gas already in the form of

ions,; conlnonly called Ilasma.

The recent successful development of the self sustaining dipole

discharge in our laboratory satisfied two conditio-.s mentioned above

(high surfacc electrostatic field and ionized gas) and provided therefore

a new means for studying the o:.idation of metals such as aluminum and
?\ V

copper in an oxygen plasma. -

General Considerations

A striking simulitude seems to exist between the self-sustaining

,lipole diszharge in oxygen and electrolysis in an aqueous solution. The

mechanism of oxidatioa by anodization is suspected to be similar in many

ways in both systems. The difference is that one of them is in a liquid

phase, the other in a gaseous phase. £n fact, if the metal coated with

oxide or other porous insulator is made the anode of an ionized oxygen

'e11, the self sustaining dipole discharge current sets up an electro-

Sstatic field in the insulating film or incre;.ei the field already present.

0 Metal or oxygen ions may be puillled through the fAilm causing continuous

Sg c- h of oxide. The growth of'.anodLc ,'t- °:the ioniged gas

cell is then a problem of ionic ionduction at high field strength and

transfer processes occur at two inteaaices, Vetal' - insulating film

and 'nsvlating 'film - ionized Oxygea..

it !s obviously desirable to expree. "be ie~vor of the.grovth ir

m tec',is of somne measure of the field stou•gthý.in the inilIating film. Con-

cr:tiy to the case of an electrolyttj '61AI4' e e- it 11t Ltes dueo tt¾t



clictrochemical nature ot th. systcm occur, it Is quits- possible :n the

case of the self sustainLtiq discharge to measure the field which extsts

bezween the electrode ,,etal and th•. porous insulating film. For this,

d suitable method would he to measure the electrostatic foece which

pushed the film into close contact wirh metal [by using, for exarmple,

ai counter-balance weight] and hence to deduce the field .'alue.

The film thickness can be controlled since the potential difference

across the insulating film can be varied at will, whereas the tarnishing

of metal in air is controlled by the thermodynamics of the system. .,t

constant voltage, the growth of oxide tbickens the insulating film at

tbe surface of the el,,ctrode and causes a continuous decrease In the

gradient of potential. Consequently, the ionir curtent decreases.

Lne great fall of current observed in the self sustaining dipole d4scharge

at constant voltage was probably due to this effect. It was due also

to an unknown effect from the conducting gas since it was observed that

if the gas was renewed during the experiment at constant applied voltage,

the current returned almost to its initial value.

EXPERIMENTAL METHODS

Preparation o. Films

C) Aluminum

A. Sodium-fluoride stripping layer

"A rather thick layer of NaF was evaporated onto clcaried cover slips,

and a layer of A!, approximately 1500 X thick, waF. evaporated over the

fluoride. The fluoride layer seemt.i to have rLther a rough surface.,

CO probably because of the thickness, and several of thL targets showed
C.
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a matte surface. The aluminum films were floated off on water, picked

up on specimen screens, and electron micrographs were made.

B. Sodium-chloride strijping layer

A layer of NaClI approximately 1000 A thick, was evapo ted on cover

slips, and approximately 2250 A of Al was evaporated o>'er the NaCl. This

surface seemed to be much more even than with the NaF stripping layer.

After reaccion with the oxygen plasma, the films were floated off

on water, but holes were left in the film in the most attacked places.

Micrographs and selected area diffraction patterns showed sharp rings,

which were identified as belonging to Al, and broad rings, as from

amorphous material, with diameters giving spacings of approximately

2.2 A and 1I9 A•

The electron micrograph3 showed essentially the same picture as

with NaF stripping layer.

C. Surface replicas

These wcre made by evaporating aluminum on cover slips without the

stripping layer. After treatment in oxygen plasma, the suriace was

preshadowcast with Pt/Pd at an angle of approximately arctan O.',, and

the specimen covered with, a 100-200 A thicx carbon layer while it was

rotated to get a layer of uniform thickness. The carbon replicas were

then floated off on 120% HF, washed in distilled water, ind picked up on

Fnecimen screens,

Copper

Specimens were made by vacuum evaporation of copper on cover si bps.

Estimated thickness was 8'(0 A. After bombardment in oxygen plasma, the

specimens were dry stripped, washed in acetone, and picked up on specimen grids.



Treatment in the Plasma

The following conditions obtained during exposure to the plasma discharge.

1. Metal films anodic.

2. Oxidation at constant discharge current of 0.2 mA/cm2.

3. Oxidation time, I hour.

4. Distance between electrodes: 2 cm.

5. Voltage between electrodes, about 21 kV.
Voltage adjusted to maintain constant currant. This adjustment
required variation of + 0.5 kV.

o Oxygen gas pressure yKCO torr at .5° C, Slow flow of oxygen during
experiment.

RESULTS

Figures 1 and ý are transmission electron micrographs of aluminum

films. Two stripping meLhods were used to see if these procedures in-

troduced a1•preciable plastic deformations in tL,e foil:ý. The film in

Figure 1 was prepared by evaporating aluminum onto a wlci. cleaned glass

surface. The film was then covered with collodion. Air,,r the plastic

had dried, the metal together with the plastic could be stripped from the

glass surface. The collodion was then dissolved in acetone. The film

in Figure 2 was floated off from an evaporated NaCi bas, layer.

Both these micrographs show essentially the same fine grained

structure of polycrystallin, aluminum. Bth structares seem free of

any marked plastic deformat io,;. The -,rai:! siz,, is small, in the range

from 100 to 700 A.

The effect of exposure to the plasma discharge is shown in Figures

and ). These films were prepared on sodium chiorlid layers.



Figure > shows the r.sutr (.f in 1,lic ox:idaition o t thcsk films in the

oxygen plasma. Amorphous waterjio, probably oxide an.d some aluminum are

evident,

Figure I shows an a-,,,a of moderately intense attack. The patchy distri-

bution of the heavier oxide layers is noteworth'y, it is typical of these

oxidations to occur over regions about one micron in diameter, with other

neighboring regions much less attacked.

Figures 9 and show the results of quite heavy anodic attack on aluminum

films o'Ir sodium fluoride. These films are more ro..gh than those over

slic,,m c. loride.

Fi,.re -, shows a tijld ir&oI, the edge o1 ti. a Ka r.a; the film

has been considerably torn up with boles having irregular edges. We can

distinguish small regions of unattacked aluminum which coitain dark loops

of Bragg contrast. The lighter area shows more or lu.js circular details

]00 to -'<00 3 in diameter believed to be oxide. Figure , is a more heavily

attocked area, Away from the holes some aluminum is still to be seen, but

there is a great deal of oxide mixed with it. Electron diffraction powder

diagrams of these specimens slowed only aluminum. The *,xidc present was

either too small in amount or too amorohous to he rev,-led.

The next pictures show the oxidation procesq by .means of surface

repl "cas. Figure ,hnows the ,.irgin glass ot Figure a replica

of an unusually thick (about 9500 iU aluminum film, The individual grains

of aluminum which were seen on transmission Fligorc are apparently seen

here also as surface'_ structures in the rp Ic l iu, s J and 10 show an

attacked area and a relativelv unattacked aria. Figure ) probably corresponds

in rep ica to the transmission picture of Figure ). F
1 gure ) also shows
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shows the beginning of crack formation. The upper right hand corner is

region of mild attack, but one can see what may be tiny nuclei of oxide

in the surface.

In order to secure further information about the oxide film a special

procedure was tried. A thick aluminum film on glass was oxidized in tha.

plasma and dry stripped with a collodion backing. The film was then left

overnight in 1.5 N HCI to dissolve the aluminum, washed in water, dried,

and the collodion dissolved in acetone. The very thin oxide films could

then be taken up on the grid for examination in the electron microscope.

The transmission picture is shown in Figure 11. The specimen is definitely

crystalline, with small grains. This specimen had been left for 5 days

in the laboratory at room temperature before stripping, and there may

have been growth of grains during that time. Certainly the diffraction

patterns were different from those of the amorphous oxides usually

observed. The following lattice plane differences wete found:

d Re!. Intensity
1.96 A
1.534 0
1.29 1
1.14•3
o.883 1
o.807 3

These spacings indicate an identification as FAA120 3 although not all

the spacings listed on the A.S.T.M. card were found in the pattern.

This absence may be due to differences in relative intensicies between

X-ray and electron diffraction and also to orientation effects. The

first reported occurrence of 5A1 2 0 3 was in the product from heating

A1203 .H20 at 1000' in steam [H.C. Stumpf, A.S. Russell, J.W. Newsome,

G.M. Tucker, Inc. Eng. Chem. 4 1398 (1950)]. It is rather strange



that it should oý-'tir as a product of ox:idation of aluminum by plasma

discharge. After its first d-,tection in the specially prepared oxide

films, we wcrv able to find evidence for the 5AI20:: in several other

oxidized samples.

Experiments on Copper Films

Only a few runs were made with evaporated vcpoer film oxidized

in the plasma discharge. The copper films were more coarse grainea

than the aluminum films, with extensive growth twinning in the

crystallites. Selected area diffraction revir",.,4 Cti, Cu.O and CuO.

The Cu:-C lines were broad, tending to amorphous patterns, but the Cu

lines were sharp and crystalline in nature. An vlectron micrograph is -;ho.n

in F Lgurtv I

CONCLUS1O'IS

The present study is obviously only a preliminary introduction to

a field of great complexity. In the usual type of metal oxidation

there is a reasonably well defined interface between the metal and

the oxide, and the oxide grows at a single extensive interface between

two phases. In the case of bombardment of metal by oxygen ions, the

incoming ions would penetrate the surface of the metal to a depth

of about 100 A. We woule then expect nucleation and growth of oxide

below the outer surface of the metal. Some of the unusual morphology

of the oxide layers in the :pertments reported above may be a consequenco

of this multiple nucleation in depth of the oxide phase. Such nucleation

and growth of oxide beneath the outer surface of metat was also reported

r,..ccntly by Meyer and flavmasnn [M. Meyer and P. Havmann, C.R. Acad. Set.

•P.1t'is ""'I s; 1 (1
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Figure 5 Transmission electron Figure 6 Similar to

micrograph of 1500 A Figure 5 but more

aluminum film over sodium heavily attacked

fluoride after anodic oxida- 20 000 X

tion in oxygen plasma.

20 000 X

Figure 11 Transmission electron Figure 12 Transmission electron

micrograph of small micrograph of 870 A

grained aluminum copper film after anodic

oxide. oxidation in oxygen

plasma.
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Figure 7 Pt/Pd Prtshadowcast Figure 8 #t/Pd Preshadowcast

Carbon Replica Carbon Replica

15 000 X 15 000 X

Virgin Glass Evaporated Aluminum

film about 7500 A thick

Figure 9 Pt/Pd Preshadowcast Figure 10 As Figure 9

Carbon Replica but more heavily

7500 X attacked.

Aluminum film heavily

attacked by oxygen

plasma.
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OXIDATION OF ALLUMINUM FII2LS AFTER IONIC BOMBARDMENT
WITH HELIUM OG XENON

Walter J. Moore, Sigemaro.•ggakera, and Sylvester Brown

Chemical Laboratory, Indiana University
Bloomington, Indlana

ABSTRACT

Chemisorption of oxygen at 25°C has beern measured on aluminum films

prepared by evaporation in a high vacuum system (10"3 to 10-9 Lorr).

The films were in some cases impregnated withihelium or xenon by cathodic

bombardment in a plasma or glow discharge. Occluded inert gases that could

not be pumped off at 250C were rapidly released on exposure of the treated

film to oxygen. The results suggest that the initial attack of oxygeu

involves an immediate rearrangement of the aiuminum atoms in the surface

layers.



OXIDATION OF ALLVIN'ý FILMS AfTER IONIC BOMBARDMENT

WITI l [ELI'J OR XENON

Walter .1 Moore, Sigemaro-N`agakura; apd Sylvester Brown

Chemical Laboratory, Indiana Univers!ty

Bloomington, Indiana

Our interest in this subject was aroused by scme unusual observa-

tions on the behavior of polished aluminum targets bomoarded w:th helium

ions at 5 to 10 kv in an ionic beam apparatus. The effect of the bombard-

ment was to protect completely the aluminum surface against corrosion in

moist air in the presence of mercury vapor, an atmosphere that produced

catastrophic corrosion of an unbombarded specimen. We suggested two

possible explanations for this result: (a) It might be due to the

deposition on the crystal surface of a tenacious layer of polymeric

material, caused by decomposition of ambient or adsorbed gases by the

ionic beam, s as it strikes the metal surface. (b') It might be clue to

some influence of the occluded helium on the reactivity of the metal

toward oxygen and other corrosive gases.

In order to distinguish between these hypothetica. mechanisms, we

decided to try to repeat the experiment in an lctrehigh vacuum system

S10O-9 'orr) free of oil vapors or other organic contaminants. The ex-

perimental difficulties of constructing an ionic-beam apparittus operating

under such conditions led to a decision to use a more simple arrangement,

in which the inert gases would be introduced by making the metal surface

the cathode in a plasma or glow discharge.

Bec S ,t Copy
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the ner: fcaiurý ,, tbh, txl-tvrimental systvin are ehown In Figure 1.

The system Was conIsir.c-L,,d oL welded stainless steel and Pyrex glass,

excepL for Kovar u!,WL:,l to glass seals which were formed with Nicobraz IM2

solder to the st:aLnluss steel sections. The sy:;tem was rumped during

bake-ouc at :O0-0.,..'C with a 'O 1/s mercury diffusion pump and the final

pumping was with an Ultex 10-;.,0 ion putw j. A Consolidated Electrodynamics

21-, 1:: rcsidual gas anjlyzcr was incorporated into the high vacuum side

of the system.

Details ot the reaction vessel are shown in Figur,.. 2. It was con-

structed from a " liter Pyrex flasK, with provision for evaporation of

a metal coating onto the inside of the flask, -nd electrodes for striking

and maintaining a discharge.

A calibrated storage volume and %, "Josing system allowu..d one to admit

successive measured "shots' of oxygen or other gases to the system.

Lower pressures were mdas,,red on Vactec ionization gauges with oxide

coated iridiuwr-ribbon filatments and higher pressures on Pirani gauges.

0} The ins. " oc the bulb was coated with aluminum by evaporation

from a,. electrically heated tungsten coil. The aluminum was first

melted and outgassed before final evaporation. The mass of aluminum

evaporated was from 15 t.3 hO mg, corresponding to a coherent film thick-

ness of ".90 to 11WO A. It is likely that a-luminum evaporated under these

conditions has a rough surface and somewhat porous strtecLure. After

evaporation of the aluminum, the system was again pumped to , to torr

prior to loading the film with in.rt gas. tsFi*'- 5 k an electron
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FIGURE 2
S~The reaction bulb.
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Figure 5. Electron micrograph of aluminum film after helium
bombardment. Platinum shadowed.
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micrograph of an aluminum film after exposure to a helium discharge. We

would expect the untreated film to look much the same.

In a typical bombardment with xenon the gas pressure was 10 to

20 micra. The voltage drop across the bulb was 300 V, and a current

of 10 ma was drawn for 3 hours. It is evident that only a small fraction,

of the order of 0.01, of the xenon ions incident on the aluminum film

cathode became trapped beneath the film.

After bombardment with iaert gas the bulb was pumped down to the

1G-6 to i0- torr range, and the rate of evolution of gas measured

before beginning the oxygen adsorption run. Some of the trapped .inert

gas was pumped away at this stage, but most of it remained trapped in

the film

Oxygen adsorption and oxidation was followed by admission of

successive small "shots" of oxygen from the doser. At regular time

intervals the total pressure in the bulb was measured and the residual

gas composition was measured with the mass spectrometer residual gas

analyzer. The analyzer was aot, however, continuously cunnected with

the bulb during the oxidation run.

EXPERIMENTAL RESULTS

If a baked out, evacuated glass bulb is exposed to oxygen, there

will be considerable adsorption of oxygen on the wall, In our system

this amounted to about '(0 ccmm. We do not know how much of this represents

adsorption on the bare glass surface and how much on the metal tubing.

[A blank adsorption run on the tubing alone must be mad- to secure these

data,,
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The caurse of oxygen adsorption on an evaporated aluminum film is

shown in Figure 4. It will be noted that the rate of oxygen adsorption

decreases markedly after the first two shots. Each "shot" corresponds

to an amount of oxygen equivalent to about a 5 Angstrom layer of A12 03

based on the geometric surface area of the film. Based on the chemisorp-

tion of 0 atoms on closest packed planes of aluminum atoms, epch shot

corresponds to about one-third monolayer. As Figure 4 indicates, resi-

dual gas began to build up after P or 5 shots of oxygen, which w,'uld

be consistent with attainment of a chemisorbed monolayer or about 10 A

nf A12 03 . When allowance is made for backgroind adsorption, the total

oxygen uptake at the end of Y( shots, when the residttal pressure has

reached 1.5 x 10- 2 tort, is about 20 A on the basis of the geometric

film area. This is less than we expected from published data.

Several runs were made with bombardment by helium ions prior to

chemisorption of oxygen. In a typical run, the bombardment condition

was 2 mA at 145 V for 10 hr. Under these conditions only about 1.5 x 1015

atoms lie/cm2 were taken up by the film, about one atom fie for every

eight Al atoms in the apparent surface. The etfect of such a treatment

with helium on the suhsequept rate of uptake of oxygen was not great.

It appeared, however, that some additional -elease of heliurt occurred

when the oxygen struck tthe film. Since a grieaer amount of helium in

the film led to a higher final pressure for a given amount of oxygen

adsorption, some evidence for protection of the 6,*,tal by occluded

helium may be adduced.

The next step was to try to secure a highur Incotporation of occluded

helium by increasing the potential gradient across the discharge tube.



0w

0w

Z\

CLC

00

00

0 LLD

-z

I.--

o4 0
LU

w

>- 0

00 0 0 0 00

,,,oi x (,o v/s3-inon~ovy) 0398SOVc~ N311DAXOwI



The helium pressure was lowered to 50 and a discharge maintained at 1000 V

for 2.15 milliampere hours. This gave an estimated 2.5 x IOl)/cm2

helium atoms embedded. lr this case also, no protective action was

ac'hieved, but there was direct evidence of helium evolution, as shown

by the pressure-time curves of oxygen chemisorption, with and without

prior helium bombardment. Subsequent studies were done vitb xenuon as

the impregnating gas and a mass spectrometer residual gas analyzer to

monitor the composition during an adsorption run.

Mechanism of Felium Release

There are several mechanisms for the helium release upon oxygen

chemisorption which may operate exclusively or in combination.

(a) The adsorbed oxygen may effect'vely replace helium atoms from

the sites in which it is occluded.

Ak Al Al Al

02 + He O C( He

Al Al Al Al

(b) The adsorption of oxygen may cause a displacement of the surface

aluminum atoms sufficient to permit the escape of helium atoms. it

would be difficult to distinguish this mechanism from (a).

(c) The release of heat when oxygen is chemisorbed on aluminum may raise

the temperature in the surface layers sufficiently to permit the escape

of helium by diffusion. Although we do not have these data for helium,

similar experiments with xenon showed that the xenon release was approxi-

mately equivalent to the oxygen chemisorbed. This result would argue

against any purely thermal effect. Each shot of oxygeti is a small

fraction of a monolayer so that the heat released per unit area of film

may not be sufficient to cause an appreciable rise in local temperatures.



Effects of Xenon Bombardment

The xenon work was facilitated by the use of a residual gas analyzer

which permitted us to analyze the conposition of the gas after oxygen

chemisorption. The mass range of the analyzer extended only to M/Q = 80

and hence did not include Xe at 129 to 136. However, a strong broad

peak due to Xe+3 was obtainable at about M/Q = 1ý3.5 arising mainly from
12 9 Xe, 1 1 Xe, and 15 2Xe the most abundant xenon isotopes, T1e experiments

on oxygen chemisorption subsequent to xenon treatment are summarized in

Table 1. It will be noted that xenon is desorbed as oxygen is adsorbed.

The interpretation of these results is similar to that of the helium

experiments.

In conclusion we can state that the extreme passivity of aluminum
+

surfaces originally observed after bombardment with He in an ion-beam

apparatus has not been found in the case of pure aluminum films prepared

under ultrahigh vacuum conditions and then impregnated with He or Xe

from a glow discharge. It is likely, therefore, that the passivity

found previously waL due to the deposition of a thin tenacious layer

of undetermined polymer on the metal surfices. On the other hand, we

have found evidence that the chemisorption of oxygen on aluminum films

i"ýpregnated with inert gas is quite different from that on bare aluminum.

Apparently chemisorption of oxygen displaces occluded helium or xenon in

the films.



TABLE I

OXYGEN CHIEMISORPTION ON
ALUMINUM FIL14S AFTER

XENON BOMBARDMENT

OXYGEN UPTAKE

RUN MASS XENON TREATMENT CCmm RESIDUAL
NO. Al-mg VOLTS MA HR FINAL OXYGEN GAS

PRESSURE ADSORBED

1 11.5 300 10 3 4 x io"3 560 17% Xe

2 23 50 29 4 Y l' 500 --

7 41 215 50 , 1iO- 10 , O% Xe

4 42 500 9 1.5 .•,"IO2 0,50%Xe
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